INTRODUCTION
The free-piston Stirling engine/linear alternator (FPSE/LA) is an attractive, thermoelectric energy conversion system for space applications due to its potential for long life and reliability. However, when integrated into a power system with connected load(s), system performance must be evaluated to ensure that unfavorable system Interactions do not occur. Treatment of such interactions is not commonly found in the existing literature which deals mainly with establishing the engine operating conditions (Refs.1 to 7). Additionally,a combination of detailed representationsof the engtnethermodynamics and nonlinearities, and load modeling has not received widespread attention.
This paper describes a general dynamic analysis of a FPSE/I_A connected to a load. The objective of the paper is two-fold, First, the paper demonstrates the application of the state-space technique (Ref. The mathematical model used for the FPSE Is based on the recommendationsin Ref. 10 . The analysis incorporates the engine dynamics and thermodynamics, and detailed modeling of the LA and connected load(s). The state-space formulation used in the analysis is a modern controltheory approach of representinga system by its state variables. By definition, a minimum set of n state variables, typically denoted by "X", is necessary for s complete description of the Internal status or state of the system. The state-space designates the n-variable co-ordinate space in which X ranges. The representation of the system equations by the compact state-space model (SSM) permits the application of powerful vectormatrix theory, and can readily be relegated to a computer to yield a complete description of the system. The simulation,performed on the MATLAB software (Ref. 11), yields results in the form of root locus plots of the system elgenvalues (Ref. 8). The plots show the migration of the system roots caused by parametric variations and, hence, the effects of such variations on the stability margins of the SPRE/1.A-Ioad system. The advantage of the frequency-domain-based elgenvalue analysis is its single computation of the exact modes of oscillation of the dynamic system. Also, it can complement, valuably, Information obtained by time-domain simulation and testing of a physical system. Many practical systems are nonlinear. However, the usefulness of the lineartzed elgenvalue analysis Is Its use In identifyIng potential worst-case operating conditions which can then be verified by nonlinear ttrne-domain analysis and, possibly, testing. Hence, by using the appropriate input data, the analytic method and results such as reported in this paper can be used to expedite, or assist in, the development of requirements for the application of a FPSE/LA In a space power system.
STUDY SYSTEM
The analytic formulations discussed in this paper relate to a system which consists of a single cylinder FPSE connected to an LA via the engine power piston. Figure 1 depicts a block diagram representation of the study system. The LA output terminals in series with a tuning capacitor, CT, feed through a load controller to an external load. The controller may be used to "dump" excess generated electric power, in the case where power demand (by the external load) is tess than the power supplied by the engine/alternator source. In this case, the load controller acts to maintain power balance.
When the load demand exceeds the generated power, the engine will tend to stall.
ANALYTIC APPROACH
The overall performance equations of the FPSE/LAload system are developed in three stages. First, the equations describing the dynamics of the FPSE are derived. This is followed by the subsystem comprising the LA, parasitic load and an external load. Finally, the combined system equation is formulated for subsequent analysis.
DYNAMIC EOUATIONS OF FPSE
The following simplifying assumptions are made -(1) Schmidt's thermodynamic
analysis Is evoked such that: The element Coo is the total damping coefficient of the displacer; that is, the sum of the displacer -to -engine casing (or ground), C o, and the displacer-piston coupling Cpo. Similarly, the total piston damping Cp, comprises the self term Cp and piston-displacer coupling Cop. These definitions also apply to the stiffness matrix, [K_] . 
The thermodynamic pressure P+ is assumed a linearly dependent function mainly of position and velocity. Hence, EQ (3) may be recast into EQ (4), where the superscript P denotes partial derivatives of the pressure terms In EQ (5).
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Comoarison of EQS (2) and (4) implies the relationship of EQ (6).
Equation (5) requires that each of P.x and Pc must be e continuousfunction of the piston position and velocity.
EVALUATION OF [KP)AND [CP]
The The pressureterms P= and P_ are obtalnable from the designcodes, forgiven pistonand displacer posltions and speeds. For any Stirling englne,the partials inEQ (5)are constant withrespect totheenglne dynamics and,thus,can be frozenInanalytic computations.Additional slmplifying assumptionsare thatthe which the pressure, position and speed terms are complex, and can be obtained from the aforementioned design codes or test. Equation ( 
ELECTRICAL EQUATIONS OF LA-LOAD MODEL
An equivalent circuit diagram of the LA is shown in Fig. 3 . The alternator output terminals are connected through a series tuning capacitor Cr to a parallel combination of a parasitic load P+ and an external series RL -_ -CL static load. The capacitor CT serves to ensure an electrical resonance within the circuit and, hence, a maximum power transfer from the enginealternator system to the connected load. The stabll_ of the system may be enhanced by ensuring a coincidence or near coincidence of the electrical resonant and the mechanical operating frequencies. The other parameters in the figure are the stator resistance, Re, the leakage Inductance, L=, the magnetizing Inductance, Lm, and the eddy current and hystersl= loss term Rc In the magnetic core of the LA. In terms of the engine plston-lnduced flux change, the generated alternator voltage Is:
Application of Ktrchhoff
The capacitor voltages are stated in EQS (14) and (15).
The term 4) ts the flux linking the N turns of the LA magnetic material. Solution Of EQS (10) to (i3) results in the derivative currentssummarized in EQS (16) to (le).
STATE-SPACE REPRESENTAI"ION
The external force F=, (EQ (9)) on the piston is representedby th, term (N__x_._ll,. Th, ,ystem ,tats
where the superscript _ denotes transposition of the vector.
Substitutionof the state variable EQ (19) into the FPSE dynamic equations (9), and into the I.A-load equations ( 
METHOD OF ANALYSIS
The SSM of the coupled equations are simulated using the MATLAB software. Variations are enforced in key system and operating parameters to Induce s migration of the system eigenvalues in the frequency plane. The effect of s parameter on the elgenvalues Is determined by varying onlythat parameter about Its nominal or design value, while keeping all other parameters at their nominal values. A plot of the eigenvalue movement due to changes in a given parameter yields the corresponding root locus.
Dynamic analysis derives its strength from its ability to predict the time-domain behavior of an LTI system via simple calculations in the frequency domain. This is exemplified by Fig. 4 (Ref. 16) which shows time histories for corresponding elgenvalues in the frequency domain. The upper part of the plot Is typically mirrored in the lower half. Exponentially Increasing oscillations are evident for the algenvalue In the right-hand plane. This dynamic Instability, in the case of a FPSE, will be equivalent to a piston overstroka. An oigsnvalue on the Jw-axis is critically stable, since the oscillation amplitudes are constant. This is characteristic of, and desired for a FPSE as an osolllator. An elgenvalue In the left-heed plane is dynamically stable. However, a FPSE In this mode of operation Is described es stalling or falling out, since the oeclllstlonsdecay with time.
The foregolng disousslonsare used to characterize the simulation results.
DISCUSSION OF RESULTS
The interactions between the FPSE/LA subsystem and the connected load are Illustrated Figs. 5 to 12. The nominal and/or design values of the parameters used In the simulation are summarlzed in Table 1 .The coupled system shows a alight Increase In the average englne frequency, namely, 111 Hz. Again, this Is within 10 percent of either the design or operating frequency of the SPRE. Also, the coupled engine tends to reduce the margin of stability of the electrical system. However, the effect of the LA-Ioad subsystem is to push the MPU root to the MP position, nearly on the jw-axis. Hence, the electrical system acts as an external means of control, and forces the engine to perform as an oscillator. The engine is said to be critically stable in that it oscillates with constant amplitudes.
Finally, the unequal piston and displacer frequencies indicate that in the practical engine, the piston stored energy/energy dissipated in a cycte is not necessarily the same as that of the displacer.
The following discussions will highlight the Influence of various parameters on the coupled system roots E, MP and MD and, hence, the system dynamic stability.
LA Resistance
(R,) -Varying the alternator resistance from 50 to 150 percent of its nominal value has insignificant effect on the system roots which remain almost stationary in Further increase in L, beyond the nominal value may destabilize the engine, unless this is prevented by some external feedback control system. Thus, the nominal L, is considered near optimum for the piston root. ,Tuning Capacitance (CT) - Figure 8 shows that a 50 to 150 percent variation of the nominal tuning capacitance has an effect similar to that caused by the leakage inductance. Here, the optimum capacitance for placing the piston root on the W-axis ls between 100 and 112 percent of the nominal value.
Load Resistance (R 0 -The pronounced impact of the load resistance variation from 50 to 300 percent of its nominal value is illustrated in Fig. 9 . !ncreaslng P_. significantly improves the electrical damping, with only a modest change in its frequency.
The piston root can not only be moved past the jw-axls, but also, its frequency decreases gradually. Initially, the frequency of the displacer root reduces only slightly, while Its damping increases. Beyond 150 percent of the nominal P_, the damping reduces with further increase in RL. Examination of Fig. g shows that, as RL increases further, the piston root is pulled into the RHP, while the displacer root moves towards the jw-axis.
These: counter-balancing effects will tend to stabilize the engine. Since It is the larger of the two resistances in the system, the load resistance can mask the influence of the LA resistance.
The above observation shows that, generally, a properly designed parasitic load may be used to force the FPSE/LA subsystem to operate as an oscillator; that is, one eigenvalue pair on the jw-axis, and all others in the LHP.
Short Circuit Condition -A potentially hazardous operating condition in a FPSE/LA-Ioad system is a short circuit of the load. This represents an extreme case of ioadirnpodance variation. Figure 10 depicts For a given FPSE/LA subsystem, the operating frequency can be load dependent. However, the effect of the constituent load components depends on the their relative magnitudes.
A system-designed load generally aids in stabilizing the system. Dynamic stability is reasonably assured, if the electrical system parameters do not change significantly from their design values. For the system studied, the parameters with the most impact on the system stabilityare the I.A leakage Inductance, the tuningcapacitance and the load resistance. Abnormal operating conditions, such as a sudden short or open circuit of the load, can destabilize the engine, unless ameliorating controls are in place.
Generally, the effects of parametricvariations on the system dynamic stability give an insight into the enginealternator-load interactions. This Information can be valuable during design stage, and with respect to performance prediction to guk:lesystem evaluation In experimental work. 
